Abstract. Gravity and topography provide important insights regarding the degree and mechanisms of isostatic compensation. The azimuthally isotropic coherence function between the Bouguer gravity anomaly and topography evolves from high to low for increasing wavenumber, a diagnostic that can be predicted for a variety of lithospheric loading models and used in inversions for flexural rigidity thereof. In this study we investigate the isostatic response of continental Australia. We consider the effects of directionally anisotropic plate strength on the coherel•ce. The anisotropic coherence function is calculated for regions of Australia that have distinctive geological and geophysical properties. The coherence estimation is performed by the Thomson multiple-Slepian-taper spectral analysis method extended to two-dimensional fields. Our analysis reveals the existence of flexural anisotropy in central Australia, indicative of a weaker N-S direction of lower Te. This observation is consistent with the suggestion that the parallel faults in that area act to make the lithosphere weaker in the direction perpendicular to them. It can. also be related to the N-S direction of maximum stress and possibly the presence of E-W running zones weakened due to differential sediment burial rates. We also demonstrate that the multitaper method has distinct advantages for computing the isotropic coherence function. The ability to make many independent estimates of the isostatic response that are minimally affected by spectral leakage results in a coherence that is more robust than with modified periodogram methods, particularly at low wavenumbers. Our analysis elucidates the reasons for discrepancies in previous estimates of effective elastic thickness Te of the Australian lithosphere. In isotropic inversions for Te, we obtain values that are as much as a factor of 2 less than those obtained in standard inversions of the periodogram coherence using Bouguer gravity and topography but greater than those obtained by inversions that utilize free-air rather than Bouguer gravity and ignore the presence of subsurface loads. However, owing to the low spectral power of the Australian topography, the uncertainty on any estimate of Te is substantial.
of interest, and q(r) is the unknown kernel function that relates the gravity anomaly to the load that causes it [Phillips and Lainbeck, 1980; Karner, 1982; Lainbeck, 1988] . All through the paper, boldface letters will denote vectors of arbitrary dimension. In particular, k = (kx, ky) and [k[ = k. The system is characterized by "geologic" noise n(ro) that is not of isostatic origin and for which no further assumptions are made other than that it is uncorrelated with topography. The latter assumption, stated in the wavenumber domain as Snh (k) = 0, allows us to calculate the Fourier transform of the kernel as
ShAg(k) (2) '
where 5' represents the cross-spectral density of the two random variables identified by the subscripts (for an elaboration, see the Appendix). The function •(k) is the isostatic response or admittance function Piersol, 1986, 1993] . If the gravitational anomaly is in phase with the topography, •(k) is real.
We may renormalize the admittance by the power spectral density of the gravity anomaly and use the quantity [$nzx9(k)l 2 .),2 (k) -Sa9zx9 (k)Shh (k) ; 0 _< 72 (k) _< 1, (3) instead of (2). This function is referred to as the coherence Piersol, 1986, 1993] .
Spectral Estimation of Stochastic Signals: Importance of Averaging
The quantitative study of isostasy requires an estimation of the (cross-)spectral properties of two random variables. 
Here E denotes an expectation or averaging operator, and var and cov stand for variance and covariance, respectively. Thus we require that the estimate be unbiased (equation (4a)), have well-behaved estimation variance (equation (4b)), and map all power at the appropriate frequencies without leakage (equation (4c)). The periodogram, the squared magnitude of the Fourier coefficients of the signal, is a first-order spectral estimator [Tukey, 1967; Kay and Marple, 1981; Percival and Walden, 1993] . With the periodogram the coherence function is approximated by Piersol, 1986, 1993; Touzi et al., 1996 Touzi et al., , 1999 IE{F(k)G*(k)}[ 2
72(k)-E{G(k)G*(k)}E{F(k)F*(k)}' (5)
where F and G denote the Fourier transforms of the random variables f and g (e.g., gravity and topography), and the asterisk is used to denote complex conjugation.
Modifying the periodogram by mirroring or windowing the data set with a single window are both attempts to improve the estimation properties of the periodogram [Tukey, 1967; Welch, 1967; Percival and Walden, 1993] . The choice of the data window(s) primarily controls bias, while the smoothing or averaging operation reduces the estimation variance [see Chave et al., 1987 , and the Appendix].
It is important to reflect upon the physical nature of the coherence, and the role of averaging in its estimation. Indeed, without any averaging the numerator and denominator of (5) would be equal and the coherence exactly unity. By averaging over N different spectral estimates we are attempting to satisfy (4a), hoping that the estimate • (in the case of (5) 
Different Ways to Average Spectral Estimates
In coherence analyses applied to determining effective elastic lithosphere thickness, three main approaches of averaging to get the necessary reduction in estimation variance of the coherence have been followed. Figure lc) . The overlap of the data sequences assures that the down-weighted portions of sequence N -1 receive more weight in sequence N, so that a minimum of statistical information is discarded. However, section averaging is inappropriate for short signals. Also, the overlap between the sections needs to be sufficient to yield high efficiency, yet ensure approximate independence of the raw spectra [Chave et al., 1987] with wavenumber binning the long-wavelength part of the spectrum will be based on fewer data points than are the higher frequencies. This leads to a positive long wavelength bias for the coherence [Munk and Cartwright, 1966] . And finally, if the variation of the coherence with direction is of interest to us we cannot average azimuthally. 
Multitaper Method for

Data Generation
As this is, to our knowledge, the first time the two-dimensional extension of the multitaper method is used in order to detect anisotropic power in the coherence, our approach needs to be tested with synthetic data sets. Besides, even in 
the coherence between H(k) and H(k) + N(k) is given by 72(k). Thus to make 72 -• 0 at a certain wave vector,
we add "noise" with a magnitude comparable to the Fourier component at the same wave vector but a random distribution of phases. To make 72 -• 1 we simply add randomphase noise with much less amplitude. Any field H(k) can be taken as the start of this procedure, although it is desirable that its power spectrum have some resemblance to the actual data in the gravity-topography analysis (e.g., having a red spectrum).
Tests With Synthetic (An)isotropic Coherence
Synthetic tests are presented in Figure 5 and In Plate 1 we test the ability of the 2-D multitaper method to correctly resolve isotropic and anisotropic input coherences, the latter with varying orientation. Based on Plates l a and lb, we conclude that we will not unnecessarily reject the hypothesis of isotropy should we measure the coherence function between actual data. If the input is isotropic, then the measurements reveal nothing to the contrary. In Plates lc-lf, anisotropic input fields are analyzed. The input is found in Plates l c and l e, whereas the multitaper measurements are found in Plates ld and l f. From this test we deduce the ability of our implementation of the multitaper method to infer anisotropy in the coherence function and detect its major axis.
Other Methods to Compute 2-D Coherence
Stephenson and Beaumont [1980] were the first to consider the possibility of directional anisotropy in the loading response of continental lithosphere (the Canadian Shield The multitaper method is nonparametric. Tapering replaces the spectral windows of traditional (windowed) periodogram estimates with a unique and optimal set of windows that have better sidelobe properties. The amount of bias and leakage is exactly assessable [Bronez, 1992 Figures 10a and 10d), 40 km (Figures 10b and 10e ) and 35 km (Figures 10c and 1 Of) .
As we have seen in Plate 3, the transitional wavelengths 
Anisotropic Mechanical Properties
A zeroth-order model for an elastically anisotropic lithosphere is one in which the average plate strength is made up of one direction which is "stronger" than the isotropic average, and another, "weaker" direction. When neglected, azimuthal anisotropy in the isostatic response may bias the result of inversions. It may provide a physical reason to be cautious about the interpretation of the various models and their mutual differences. Lithospheric strength is a complex geophysical quantity as it is always measured as a geographical and temporal (in other words, geological) average [Burov and Diament, 1995] . With the anisotropy we have determined in the response functions of the Australian continent, the concept of "strength" will need to be expanded to include the notion that it is a directional average as well. To quantify the precise effect of the azimuthal variability on the isostatic response will require the use of forward models. We envisage that further analysis will include detailed comparisons with forward models and the extension of this method to models with higher spatial resolution (optimizing the method to account for smaller box sizes, as given by Zuber et al. [1989] and Lowry and Smith [1994] ). Crustmantle decoupling is expected to have a profound effect on the mechanisms of isostatic compensation [ter Voorde et al., 1998], and subsequent work will investigate the potential interplay between the instantaneous elastic response from seismic shallow upper mantle studies [Simons et al., 1999b] and its azimuthal anisotropy [Simons et al., 1999a] and the longterm mechanical isostatic response.
Zuber
Conclusions
The focus of this paper has been to reassess the nature of the isostatic response to loading in Australia. We extended the multitaper method of Thomson [ 1982] to two dimensions to derive an estimate of coherence that is less affected by bias than other methods of spectral analysis due to the ability to make more independent estimates of the response function. This method also allows us to detect anisotropy when it is present. Our results show the presence of anisotropy in the response of Bouguer gravity to topography in central Australia. We interpret the anisotropic coherence as in- 
and h is the matrix containing the various data tapers. The matrix C has a finite set of eigenvalues and eigenfunctions, and the spectra •l(f) are appropriately known as eigenspectra. Any of numerous numerical calculation schemes can be used to perform the required diagonalization. The data windows are known as discrete prolate spheroidal sequences (dpss) or Slepian sequences [Slepian, 1978 [Slepian, , 1983 ]. The first 2WNAt (i.e., the Shannon number) eigenvalues are close to unity, and then the eigenvalues fall off rapidly to zero (see Hence the multitaper method consists of (1) finding the eigentapers for a given resolution bandwidth by diagonalizing matrix C (equation (AI4)), (2) windowing the data, (3) taking the Fourier transform of the windowed data and calculating eigenspectra as in (A2), and (4) performing the average as in (A5), weighted with the eigenvalues. The calculation of the cross-spectral density function in order to arrive at the coherence function of (A1) is as in (A2), except the product involves both data sets. The estimated squared coherence function •/•a will have almost the same distribution as is usually assigned to squared coherence estimates for k independent realizations of a time series. Thomson [ 1982] gives the estimation variance o -2 as We have indicated how the expected value of the direct spectral estimates are equal to the true spectrum convolved with the power spectrum of some window function (equation A3). Subsequently, we have shown how data windows of length N can be found in a manner that concentrates the majority of their energy in a (narrow) frequency band 2W. The resulting eigenspectra are independent, providing "new" realizations (or optimal projections) of the same data set. Variance reduction of the estimate is obtained by averaging the eigenspectra.
